RESULTS. The severity of retinopathy was positively associated with triglycerides (combined cohort) and negatively associated with HDL cholesterol (men, combined cohort). NMR-LSP identified retinopathy as being positively associated with small and medium VLDL and negatively with VLDL size. In men only, retinopathy was positively associated with small LDL, LDL particle concentration, apoB concentration, and small HDL and was negatively associated with large LDL, LDL size, large HDL, and HDL size. No associations were found with apoA1, Lp(a), or susceptibility of LDL to oxidation. All three measures of retinopathy revealed the same associations. CONCLUSIONS. NMR-LSP reveals new associations between serum lipoproteins and severity of retinopathy in type 1 diabetes. The data are consistent with a role for dyslipoproteinemia involving lipoprotein subclasses in the pathogenesis of diabetic retinopathy. (Invest Ophthalmol Vis Sci. 2004;45:910 -918) 
example, a preponderance of small LDL has been associated with diabetic nephropathy, 10 whereas both small LDL 11 and small HDL 12 have been associated with atherosclerosis. Studies addressing the associations of size-based lipoprotein subclasses with diabetic microvascular complications are few, and none concern diabetic retinopathy. Such studies have been hampered by the laborious techniques necessary to distinguish lipoprotein subclasses, which, until recently, required physical separation of subclasses. A new technique, nuclear magnetic resonance (NMR) analysis of whole serum, can rapidly determine concentrations of 15 different lipoprotein subclasses, designated according to particle size ( Fig. 1) , without physical separation of the subclasses. 13 In the present study, we performed the first cross-sectional assessment of the relationship between diabetic retinopathy and a comprehensive lipoprotein analysis, which included conventional lipid profiles, lipoprotein subclasses defined by NMR analysis, levels of apolipoproteins relevant to vascular disease (apo-A1 [present on HDL], apo-B [present on LDL, IDL, and VLDL]), and lipoprotein(a) [Lp(a)]), and the susceptibility of isolated LDL to in vitro oxidation.
METHODS

Study Subjects
The original cohort of the Diabetes Control and Complications Trial (DCCT) comprised 1441 volunteers (97% whites, 2% African American, 1% Hispanic or Native American) who, at study entry (1983) (1984) (1985) (1986) (1987) (1988) (1989) were aged 13 to 39 years and had had type 1 diabetes for 1 to 15 years.
14 Subjects were observed until 1993 (average follow-up 6.5 years) on randomly assigned intensive (n ϭ 711) or conventional (n ϭ 730) treatments. The goal of the DCCT was to determine whether intensive therapy, aimed at normalizing blood glucose and HbA 1c , would prevent or delay complications, primarily retinopathy. In 1993, the trial was stopped because of a salutary effect of intensive therapy on retinal, renal, and neurologic outcomes. 14, 15 Of the DCCT subjects, 1326 subsequently participated in the Epidemiology of Diabetes Intervention and Complications (EDIC) trial, a noninterventional, observational, longitudinal study. 16 In 1996, a collaborative project between investigators at the Medical University of South Carolina (MUSC) and DCCT/EDIC investigators was implemented to identify new risk factors and mechanisms for vascular disease in type 1 diabetes. Twenty-five of the 28 DCCT/EDIC centers participated, and, from 1997 to 1999, this provided MUSC investigators with access to 1180 of the 1326 subjects still under follow-up. Of these, 968 consented and provided samples for the present study. Fasting serum was shipped overnight at 4°C to MUSC. Aliquots were frozen, stored at Ϫ70°C and later used to determine NMR lipoprotein subclass profiles (NMR-LSP), apoA1, apoB, and Lp(a). From fresh serum, LDL was isolated by ultracentrifugation, and the susceptibility of its protein and lipid components to copper-mediated in vitro oxidative stress was determined.
The study was approved by the Institutional Review Boards of MUSC and each DCCT/EDIC center, and adhered to the tenets of the Declaration of Helsinki. The clinical characteristics of the 968 subjects from whom NMR-LSP was obtained are summarized in Table 1 . This cohort comprised 67% of the original DCCT cohort and 73% of subjects still under follow-up in DCCT/EDIC. Although sample bias is possible, the study cohort was representative of the entire DCCT cohort for all characteristics shown in Table 1 , both at the time of DCCT close-out in 1993 and at the time of the present study.
EDIC Procedures
DCCT/EDIC subjects participated in annual evaluations, including resting electrocardiograms, arm blood pressure, and HbA 1c determined by high-performance liquid chromatography in the DCCT/EDIC central laboratory. 17 On alternate years, fasting lipid profiles and AER from 4-hour urine collections were determined in the central laboratory. Therefore, it took 2 years, in this case 1997 to 1999, for the entire DCCT/EDIC cohort to complete one cycle of the study at MUSC. The fasting blood samples sent to MUSC were obtained from the same samples as those sent to the DCCT/EDIC central laboratory for fasting lipid profiles.
Assessment of Retinopathy
In DCCT/EDIC, retinopathy was assessed every 4 years, with graders at the University of Wisconsin Reading Center unaware of DCCT randomization status.
14 For the present study, we used the scores obtained at the annual visit preceding the one at which the fasting blood sample was obtained. We used three different measures of retinopathy in our analyses, each derived from stereoscopic seven-field fundus photography according to the ETDRS protocol 18 used for DCCT/EDIC. 14 First, we used the "abbreviated final version of the ETDRS scale of diabetic retinopathy severity." 14, 19 This provides a score on a scale of 1 to 23 for individual subjects, not for individual eyes (i.e., the score estimates severity using a composite of lesions in both eyes). Subjects were categorized into three groups by ETDRS severity, as defined in Table 2 .
Second, we used scores for the presence and severity of hard exudates as defined by ETDRS. 20 This analysis was conducted because of known associations of hard exudate status (as an individual component of retinopathy) with conventional plasma lipid profiles (2-4), and because hard exudate status contributes only a relatively minor, "present/absent" component of the ETDRS score. Specifically, if present, hard exudates can raise ETDRS scores (which range from 1 to 23) only from Յ3 to 4 (if present in one eye) or to 5 (both eyes). The same score changes can also be caused by the presence of soft exudates and mild retinal hemorrhages. For ETDRS scores of 6 or above, hard exudate status does not contribute. In the separate system used specifically to assess hard exudates, scores were assigned to individual eyes (0, 1, 2, 3, 4, and 5 by increasing severity), and the score assigned to each subject was that of the more severely affected eye.
Third, we performed an analysis using ETDRS scores from which the (categorical) contribution of hard exudates had been removed, to determine whether the associations between total ETDRS scores and lipoprotein status would persist. This adjustment led to reductions in ETDRS scores (from 4 or 5 to 2 or 3) in only 23 subjects. As described in the following sections, all three analyses demonstrated essentially the same associations between retinal status and lipoprotein profiles. Therefore, only the associations of total ETDRS scores with lipoprotein profiles are presented in the tables. Serum was separated by prompt centrifugation (3000 rpm, 20 minutes), shipped overnight on wet ice to MUSC, and stored at Ϫ70°C. Serum collected on Fridays was stored at 4°C for shipment the following Monday. NMR-LSP was measured on first-thaw serum (250 L) using a 400-MHz proton NMR analyzer at LipoScience Inc. (Raleigh, NC). The NMR technique entails measurement of the distinctive lipid methyl group signals broadcast by lipoprotein particles of differing sizes and has recently been described in detail. 13 Briefly, the measured amplitudes of the signals provide the concentrations of 15 lipoprotein subclasses, as defined in Figure 1 . The diameter ranges for each subclass were established by calibration using purified subfractions isolated by ultracentrifugation and agarose gel filtration, in which particle size distribution was determined by "gold standard" techniques: electron microscopy for VLDL and LDL and polyacrylamide gradient gel electrophoresis for HDL. NMR-determined LDL subclass diameters are consistent with calculations based on lipid compositional data 21 and electron microscopy measurements, 22 but are approximately 5 nm smaller than those estimated by gradient gel electrophoresis. 23 Of the NMR-determined LDL subclasses, the smallest, L1, reflects levels of small, dense LDL. For the HDL subclasses, H5, H4, H3, H2, and H1 have been established as similar to gradient gel electrophoresis subclass designations 2b, 2a, 3a, 3b, and 3c, 30 respectively. 13 VLDL subclass levels are expressed as milligrams per decaliter triglyceride, and LDL and HDL subclass levels as milligrams per decaliter cholesterol.
In the present study, data for the six VLDL and the five HDL subclasses suggested that subclass grouping was appropriate to simplify data analysis, e.g., for HDL, the two smallest subclasses (H1, H2) exhibited similar associations which were opposite to those of the three larger subclasses (H3-H5). HDL subclasses were therefore grouped as small (H1ϩH2) and large (H3ϩH4ϩH5). Likewise, VLDL subclasses were grouped as small (V1ϩV2), medium (V3ϩV4), and large (V5ϩV6). Tables 3, 4 , and 5
ETDRS Score Retinopathy Description Definition
Steps 1-3 None-Minimal From no retinopathy (step 1) through to bilateral microaneurysms, i.e. "very mild" non-proliferative diabetic retinopathy (NPDR) (Step 3).
Steps 4-9 Mild-moderate nonproliferative From unilateral "mild" NPDR (microaneurysms plus hard exudates, cotton wool spots, and/or mild hemorrhages) (step 4) through to bilateral "moderate" NPDR (moderately extensive intraretinal microvascular abnormalities (IRMA), severe retinal hemorrhages, or venous beading in one quadrant only) (step 9).
Steps 10-23 Preproliferative and proliferative Unilateral "severe" NPDR (severe hemorrhages in four quadrants, venous beading in at least two quadrants, moderately severe (IRMA) in at least one quadrant, step 10), or worse. The average particle size (diameter in nanometers) of each lipoprotein class (VLDL, LDL, HDL) was calculated from the relative contributions of its constituent subclasses. LDL particle concentration (in nanomolar) was determined as the sum of the particle concentrations of the individual LDL subclasses (including IDL). The latter were calculated by relating the NMR signal amplitudes that corresponded to individual subclasses to those of isolated subclass standards. 20 
Apolipoproteins
Serum apoA1, apoB, and Lp(a) were measured at MUSC by nephelometry (Beckman, Brea, CA).
Susceptibility of LDL to Oxidation
Freshly isolated plasma (containing 2.8 mM EDTA, 62 M chloramphenicol, 50 g/mL gentamicin sulfate, 10 mM ⑀-amino-caproic acid, final concentrations) was shipped overnight at 4°C from DCCT/EDIC centers to MUSC. LDL (density 1.019 -1.063 g/mL) was isolated by sequential ultracentrifugation as described. 24 Susceptibility to oxidation of the lipid component of LDL (n ϭ 704) was determined by a modification of the method of Esterbauer et al., 25 as described. 26 Results were expressed as the change in absorbance (⌬ absorbance) at 234 nm from baseline to peak absorbance (measuring formation of conjugated dienes, reflecting change in content of lipid peroxides) after exposure to 5 M Cu 2ϩ ions. Susceptibility to oxidation of the protein component (n ϭ710) was determined from fluorescence (excitation, 360 nm; emission 430 nm), expressed as the ratio of fluorescence after 24 hours of exposure to Cu 2ϩ over that at baseline.
Statistical Analyses
For analyses examining differences between former DCCT/EDIC treatment groups (Table 1) , we used a two-sample t-test assuming equal variances or a 2 test with 1 degree of freedom. For analyses of associations between retinopathy scores (either ETDRS or exudate scores) and lipoprotein status, the ordinal score was treated as a dependent variable in the regression models, with each lipoprotein parameter as the independent variable. Three regression analyses were completely stratified by gender. In the first analysis (designated P 1 in Tables 3, 4 , 5), univariate analyses between ordinal retinopathy scores and each lipoprotein parameter were completed. In the second (P 2 in the tables), a standard set of covariates was added to the model: age, duration of diabetes, HbA 1c , AER, creatinine clearance, hypertension, body mass index, waist-hip ratio, DCCT randomization group, smoking status, and for the combined cohort, gender. In the third analysis (P 3 in the tables), we determined whether the relationship between retinopathy scores and lipoprotein parameters was the same for men and women. The probabilities (P 1 , P 2 , P 3 ) reported in Tables 3, 4 , and 5 represent tests of the linear relationship between retinopathy scores as dependent variables and the lipoprotein parameters.
At the time of DCCT close-out in 1993 (the most recent time point at which comparative data were available), our study cohort (n ϭ 968) was representative of the entire DCCT/EDIC cohort, in that it did not differ from the total cohort according to any of the parameters shown in Table 1 , or in its racial and ethnic composition. Table 1 presents clinical characteristics of the 968 subjects with type 1 diabetes in whom NMR-LSP was performed, according to gender and former DCCT randomization group. As has been reported for the entire DCCT/EDIC cohort, 27 retinopathy remained more severe in subjects from the former conventional than the former intensive DCCT treatment group. This was the case, even though the difference in glycemic control between these groups, reflected by annual HbA 1c determination, narrowed dramatically between 1994 (year 1 of EDIC) and 1997 to 1999, the time of the present study. 16 By 1998, the difference in HbA 1c between former intensive and conventional treatment groups persisted for men only, and was small (0.2%) compared with the difference (1.7%) that was maintained (for both genders) during the DCCT. 14, 15 For both former DCCT randomization groups, retinopathy was slightly but significantly more severe in men than in women (conventional group: P Ͻ 0.02; intensive group: P Ͻ 0.05; KruskalWallis nonparametric test).
RESULTS
There were no differences in current lipid profiles (Table 1 ) between former DCCT intensive and conventional treatment groups; however, lipid profiles differed substantially between 28 and, for this reason, data for men and women were analyzed separately. Tables 3 through 5 summarize the lipoprotein values for men, women, and the combined cohort, according to the categorical severity of retinopathy, as defined in Table 2 . They also show probabilities representing the results of regression analyses that relate ordinal ETDRS score (used as a continuous variable) to each lipid parameter (as the independent variable). Three different regression analyses are reported as described earlier. For brevity, the multivariate analysis (P 2 ) will be emphasized in the text that follows. Table 3 presents the results for the conventional lipid profile. Although ETDRS scores were significantly related to triglyceride levels in univariate analyses, multivariate analyses (P 2 ) exhibited only a borderline association present in the combined cohort only. LDL cholesterol tended to increase in both genders with more severe retinopathy, but this was not significant in the multivariate analyses. HDL cholesterol was inversely associated with ETDRS score in both genders with univariate analyses, but only in men and the combined cohort in the multivariate analyses. There were no significant gender interactions with these parameters. In general therefore, more severe retinopathy was associated with higher total triglyceride levels, lower HDL cholesterol levels, and a trend toward higher LDL cholesterol. Tables 4 and 5 present results from the detailed lipoprotein subclass profile obtained with NMR analysis. The tables describe 947 subjects in whom the multivariate analysis was possible for all covariates. Table 4 summarizes data for the individual lipoprotein subclasses. Subclasses of VLDL, LDL, and HDL all exhibited differential associations with ETDRS score. Although large VLDL was not associated with ETDRS score, medium and, in particular, small VLDL levels were strongly and positively associated with more severe retinopathy in both genders. For LDL, significant associations of subclasses were observed in men only. Multivariate analysis revealed that the larger, relatively less atherogenic L3 subclass was inversely associated with ETDRS score, whereas medium LDL (L2) and the smaller, denser, and more atherogenic L1 subclasses were positively associated. Thus, in men, more severe retinopathy was associated with a shift in LDL particle size distribution away from (large) L3 toward (small) L1. For HDL subclasses, associations with ETDRS score were again more marked in men. Multivariate analyses showed that in men and in the combined cohort, large HDL was inversely associated with ETDRS score, whereas small HDL was positively associated with ETDRS score. In women, a similar trend was seen with large HDL only. Table 5 shows data for the remaining NMR-derived lipoprotein parameters: mean particle size (diameter) for VLDL, LDL, and HDL, and molar particle concentration for LDL. Consistent with the data in Table 4 , significant associations with ETDRS score were found more frequently in men than in women. In men, smaller VLDL, LDL, and HDL sizes were all associated with higher ETDRS scores, whereas higher LDL particle concentration showed a borderline association with ETDRS score. In women, the only significant association was with mean VLDL particle size. Among apolipoproteins A1 and B and Lp(a), and susceptibility of LDL to oxidation, only apoB in men and in the combined cohort was significantly associated with ETDRS score in multivariate analyses (data not shown). Hard exudate scores were available for 871 subjects from our cohort, and of these, 685 were classified as having no hard exudates, 99 had mild ones, and 87 had severe ones. Hard exudate scores exhibited essentially the same associations with NMR lipoprotein subclasses as total ETDRS scores (data not shown). Hard exudate scores also exhibited the same associations as ETDRS scores, with particle size determined by NMR and with conventional lipoprotein profiles, apolipoprotein A1 and B and Lp(a) levels, and susceptibility of LDL to oxidation (data not shown). Also, reanalysis of ETDRS scores after adjustment to remove the hard exudate component had no impact on the associations found (data not shown).
DISCUSSION
Our study describes new associations between plasma lipoproteins and diabetic retinopathy. The findings complement other recent work in which we have described the associations of gender, glycemia, and nephropathy status with serum lipoproteins in the same cohort of people with type 1 diabetes. 28, 29 The strengths of all these studies are the extent of clinical data available in the DCCT/EDIC and the comprehensive nature of the lipoprotein analyses, which included not only conventional lipid profiles, but also apolipoprotein assays and NMR-LSP.
In the present study, NMR-LSP in particular revealed associations between retinopathy status and lipoprotein subclasses that were previously unknown and could not be discerned from conventional lipid profiles. The severity of retinopathy was only weakly associated with conventional lipid profiles (Table 3) . Specifically, there was a borderline association between severity of retinopathy and triglycerides in the entire cohort, whereas in men and in the entire cohort, retinopathy score was associated with lower HDL cholesterol. The findings are broadly consistent with those in studies by others. 3, 4 In contrast, much stronger associations and gender differences were identified by the NMR-LSP (Tables 4, 5 ). These associations were consistent across all three measures of retinopathy: ETDRS scores, hard exudate scores, and ETDRS scores with the hard exudate component subtracted. Furthermore, the associations involved subclasses within all three major lipoprotein classes (VLDL, LDL, HDL).
Retinopathy was strongly associated with small and medium, but not large, VLDL in each gender. Accordingly, retinopathy was inversely associated with average VLDL particle size. Associations between retinopathy and levels of triglyceride-rich lipoproteins may be partly explained by prothrombotic effects of the latter on vascular cells. For example, VLDL may increase secretion of plasminogen activator inhibitor (PAI-1) by human endothelial cells. 30 Retinopathy was also independently associated with NMRderived LDL parameters, but only in men. Thus, in men, retinopathy was positively associated with small LDL cholesterol concentration (L1, milligrams per deciliter) and LDL particle concentration (nanomolar) and negatively associated with large-LDL-cholesterol concentration (L3, milligrams per deciliter) and average LDL particle diameter (nanometers). The opposite associations of retinopathy with large and small LDL particles can explain why there was no association with (total) LDL-cholesterol in the conventional lipid panel. The absence of these associations in women reflects a gender difference that could not be discerned from the conventional lipid profile. Small LDL is known to be more atherogenic than large LDL, 11 perhaps because it more readily crosses the endothelium and/or is more readily oxidized, and these same properties may also contribute to retinal capillary injury. In the retinal capillary, oxidized LDL is toxic to both pericytes and endothelial cells 31 and may have prothrombotic effects 32 mediated by activation of protein kinase C. Table 3 .
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Similar considerations apply to HDL. The conventional lipid profile demonstrates that in men and in the combined cohort there is a significant inverse association (borderline in women) of retinopathy with HDL cholesterol. The NMR-LSP provides more insight, demonstrating a strong negative association with the large HDL subclass in men (borderline in women), and a positive (i.e., opposite) association with small HDL in men. These positive and negative associations with HDL subclasses are obscured in the conventional lipid panel, which quantifies only total HDL cholesterol. NMR-defined small HDL corresponds to HDL 3b and HDL 3c as defined by polyacrylamide gel electrophoresis, and these particles are considered potentially proatherogenic. 34 In contrast, the negative association of retinopathy with large HDL (corresponding to HDL 2 ) may be attributable in part to the paraoxonase activity associated with this lipoprotein. Paraoxonase detoxifies lipid peroxidation products, is carried in association with large HDL, and is believed to have a protective role against retinopathy. 35 We also measured levels of apoB, apoA1, and Lp(a). Retinopathy was associated with apoB (present on VLDL, LDL, IDL, and Lp(a)) in men and in the combined cohort. Again, this reflects parallels with atherosclerosis risk, because elevated apoB is an established risk factor for coronary disease. ApoA1, present on HDL, trended downward with more severe retinopathy (low ApoA1 is also a cardiovascular risk factor), but the negative association of retinopathy with ApoA1 did not reach significance either for men or women. No association of retinopathy with Lp(a) was found, in agreement with the previous findings of Maser et al., 36 but in contrast to those of Guerci et al. 37 Ongoing analyses of Lp(a) (phenotyping, genotyping) are in progress and may yield associations. Finally, we were unable to find any association of retinopathy status with the susceptibility of isolated LDL to oxidative stress.
Retinal hard exudates are the component of diabetic retinopathy most likely to be related to plasma lipoproteins, because the exudates are lipid rich. The ETDRS showed that severity of retinal hard exudates was strongly associated with total triglycerides, total cholesterol, and LDL cholesterol. 4 Also, elevated levels of these lipids conferred increased risk for future hard exudates and subsequent visual deterioration. 38 In our study, we found associations of hard exudates with conventional lipid measures in univariate analyses, but these were lost in multivariate analyses. Again, NMR lipoprotein subclass analyses revealed associations that remained significant in the multivariate analyses. Studies using in vitro modified LDL (to simulate modified, extravasated lipoproteins such as are found in hard exudates) demonstrate adverse effects on retinal capillary pericytes and endothelial cells, 31 and so over the years, hard exudates may reflect conditions (e.g., adverse lipoprotein profile, more severe capillary leakage) that accelerate retinopathy. Hard exudates are known to improve with treatment of hyperlipidemia, but typically this improvement does not reverse visual loss, at least in the short term. 6 The associations we observed between retinopathy status and NMR-LSP are similar to those we recently described between nephropathy (AER) and NMR-LSP. 29 It is important to note that the association between retinopathy and NMR-LSP persisted after we controlled for AER in multivariate analyses. This supports a possible role for dyslipidemia in the development of retinopathy. Whereas one may envisage nephropathy as a cause, not a consequence, of alterations in plasma lipoproteins, it seems unlikely that retinopathy, per se, would cause dyslipidemia. Another recent study from our group, again using NMR-LSP, showed that insulin resistance in the absence of diabetes is associated with a dyslipidemia similar to that we now identify as associated with retinopathy, 39 at least for subclasses of LDL and HDL. It is of interest, however, that insulin resistance was associated with large, not medium or small, VLDL, as were retinopathy and the AER. These findings suggest that insulin resistance could underlie, at least in part, the dyslipidemia associated with both retinopathy and nephropathy. Thus, insulin resistance may confer risk, not only for atherosclerosis in patients with impaired glucose tolerance or type 2 diabetes, but also for atherosclerosis and microvascular complications, including retinopathy, in patients with type 1 diabetes.
In summary, our data show that within all three major lipoprotein classes (VLDL, LDL, and HDL), diabetic retinopathy is associated with a shift in subclass distribution toward smaller-diameter particles, and with an increase in LDL particle concentration. These associations cannot be detected from conventional lipid profiles, which do not discern subclass distributions. Our findings in relation to VLDL apply to both men and women, whereas those in relation to LDL and HDL apply much more strongly to men, in multivariate analyses. Because many of the alterations in lipoprotein subclasses have been shown to confer increased cardiovascular risk, our data are also consistent with the theory that dyslipoproteinemia may act as a common risk factor for retinopathy and atherosclerosis in diabetes. 40 The different associations of retinopathy with lipoprotein parameters between men and women suggest a gender differential in risk for retinopathy, because typically men have a much less favorable lipoprotein subclass profile than women. This was also the case in the DCCT/EDIC cohort. 28 Indeed, there is evidence in the literature that diabetic men may be more susceptible than women to retinopathy, 41, 42 and our data from the DCCT/EDIC cohort are in concurrence with this. When we controlled for relevant variables, men had slightly but significantly more severe retinopathy. Further prospective studies, already in progress, are needed to support or refute the possibility that lipoprotein subclass profiles contribute directly to the development of retinopathy. Future studies must also determine whether measures to modify subclass distribution, which may include use of existing insulin-sensitizing agents, may prevent or mitigate retinopathy. NMR-LSP appears to be a powerful and valuable tool with which to address these questions.
